The characterization of the microscopical forces between the essential α-amino-acid tryptophan, precursor of the neurotransmitter serotonin and of the hormone melatonin, and the basic components of cell membranes and their environments (phospholipids, cholesterol, ionic species, and water) is of central importance to elucidate their local structure and dynamics as well as the mechanisms responsible for the access of tryptophan to the interior of the cell. We have performed nanosecond molecular dynamics simulations of tryptophan embedded in model zwitterionic bilayer membranes made by di-palmitoyl-phosphatidyl-choline and cholesterol inside aqueous sodium-chloride solution in order to systematically examine tryptophan-lipid, tryptophan-cholesterol, and tryptophan-water interactions under liquid-crystalline phase conditions. Microscopic properties such as the area per lipid, lipid thickness, radial distribution functions, hydrogen-bonding lengths, atomic spectral densities, and self-diffusion coefficients have been evaluated. Our results show that the presence of tryptophan significantly affects the structure and dynamics of the membrane. Tryptophan spends long periods of time at the water-membrane interface, and it plays a central role by bridging a few lipids and cholesterol chains by means of hydrogen-bonds. The computed spectral densities, in excellent agreement with experimental infrared and Raman data, revealed the participation of each atomic site of tryptophan to the complete spectrum of the molecule. Tryptophan self-diffusion coefficients have been found to be in between 10 −7 and 10 −6 cm 2 /s and strongly depending of the concentration of cholesterol in the system. Published by AIP Publishing. https://doi
I. INTRODUCTION
Cell membranes are limiting structures separating cell contents from external environments. They protect cellular contents, including a wide variety of organelles such as mitochondria, nucleus, lysosomes, vacuoles, Golgi apparatus, centrioles, and ribosomes surrounded by the cytoplasm, and simultaneously allow the passing of nutrients, wastes, and eventually drugs through them. Membranes only allow the movement of compounds generally with small molecular size into the cell. For such a reason, the knowledge of the mechanisms responsible for the exchange of small peptides and drugs inside the membrane is of greatest scientific interest. The principal components of human cellular membranes are phospholipids, cholesterol, and proteins, all of them embedded in ionic aqueous solution. Phospholipid membranes provide the framework to biomembranes, to which other molecules (such as proteins or cholesterol) attach. 1 They consist of two leaflets of amphiphilic lipids with a hydrophilic head and one or two hydrophobic tails which self-assemble due to the hydrophobic effect. 2 Since these molecules are not chemically bound a) huixia.lu@upc.edu b) Author to whom correspondence should be addressed: jordi.marti@upc.edu between them, not only their local (vibrational) motions can be analyzed but also their long-range correlated motions (diffusion) can be measured and studied with all details with computer simulations. Cholesterol is a lipid playing a central role in maintaining the structure of the membrane and regulating their functions. 3, 4 It induces the membrane to adopt a liquid-ordered phase with positional disorder and high lateral mobility. 1 The fluidity of the membrane is mainly regulated by the amount of cholesterol, in such a way that membranes with high cholesterol contents are stiffer than those with low amounts but keeping the appropriate fluidity for allowing normal membrane functions. There exists a big variety of experimental techniques useful to explore membrane organization and molecular interactions of small probes within the membrane, such as NMR, neutron diffraction, X-ray scattering or IR, Raman, and fluorescence spectroscopy. [5] [6] [7] [8] Among the latest techniques, fluorescence-lifetime microscopy 9 can be combined with spectral information to report basic information of aspects such as metabolic profiles, photophysics, or dipolar relaxations. 10 In this paper, we have focused our efforts in two directions: on the one side, the study of zwitterionic phospholipid membranes can help to understand basic biological functions of the membrane and its interaction with the environment. As an example of a prototype membrane, the one formed by di-palmitoyl-phosphatidyl-choline (DPPC) is, for instance, a major constituent (about 40%) of pulmonary lungs. 11 A large number of simulations and experiments have already been performed on DPPC, often including the influence of cholesterol in water environments. 12 Some of these reports will allow us to test the reliability of our simulations, especially about the characterization of the physical states considered and their mechanical properties, in particular, the area per lipid of the system. On the other side, the role of proteins and drugs and their interactions with the membrane structure is undoubtedly a relevant field of research. In this work, we have considered the introduction into the lipid bilayer structure of a small biological probe which is a zwitterion itself: the aminoacid tryptophan 6 (TRP), a precursor of the neurotransmitter serotonin 13 which, in turn, is also the precursor of the hormone melatonin. 14 Since the human body cannot synthesize tryptophan, needed to prevent diseases and death, it has to be acquired from the diet. Tryptophan is able to act as a building block in protein biosynthesis, while proteins are fundamentals required to sustain life. In addition, it helps in the regulation of human sleep. Serotonin, in turn, can be converted to melatonin (a neurohormone), which may help humans to the regulation of biological rhythms, to induce sleep, to work as a strong antioxidant, and also to contribute to the protection of the organism from carcinogenesis and neurodegenerative disorders such as Alzheimer's disease. 15 Recently, some studies indicated promising antibacterial properties of tryptophan when synthesized at polyionic membranes 16 and its major role in the preparation of nanoparticles able to control membrane disruption. 17 So, given the importance of tryptophan, we have explored its interactions with a typical zwitterionic phospholipid membrane formed by DPPC and cholesterol in an aqueous solution of sodium chloride, analyzing its mechanical properties, the local structure, and some relevant dynamical properties such as diffusion and vibrational spectra. However, we do not state that the particular properties and data reported for tryptophan in the present work can be considered as general for a wide variety of small probes.
We provide the details of the simulations in Sec. II and explain the main results of the work in Sec. III, focusing our attention especially on the local structures of tryptophan (Sec. III A) and also on the vibrational motions of tryptophan atoms, described in Sec. III B 2. Finally, some concluding remarks are outlined in Sec. IV.
II. METHODS
A prototype model of a lipid bilayer membrane in a sodium chloride solution in water has been built by means of the CHARMM-GUI web-based tool. 18 showed no further relevant physical changes compared to the reported states. A benchmark state of a cholesterol-free system (labeled as 0% throughout the paper) was also considered at the temperature of 323.15 K, in order to ensure that the simulation was performed at the liquid state since the crossover temperature for pure DPPC to become liquid has been determined to be around 314 K. 21, 22 Sketches of the backbone structure of cholesterol, tryptophan, and DPPC are represented in Fig. 1 . Each molecule was described with atomic resolution (74, 27, and 130 sites, respectively). Molecular dynamics (MD) simulations were performed with the NAMD2 simulation package 23 at a fixed (human body) temperature of 310.15 K for the systems containing cholesterol and at the fixed pressure of 1 atm. The reason for considering such a difference in temperature was to have the system always in liquid-crystalline phases as close as possible to the human body temperature: liquid-disordered for the cholesterol-free case and liquid-ordered (with headgroups showing liquid-like behavior, but with tailgroups showing some gel-like state, with an ordering structure larger than that of headgroups) for the setups containing 30% and 50% cholesterol, when the crossover temperature from the gel to liquid phase is below 310 K (see Ref. 21) . In all cases, the temperature was controlled by a Langevin thermostat 24 with a damping coefficient of 1 ps −1 , whereas the pressure was controlled by a Nosé-Hoover Langevin barostat 25 with a damping time of 50 fs.
Considering the isobaric-isothermal ensemble, i.e., at a constant number of particles (N), pressure (P), and temperature (T) conditions, equilibration periods for all simulations were of more than 50 ns. After equilibration, we recorded statistically meaningful trajectories of more than 70 ns in all cases through several production runs. The simulation boxes had different sizes because of the cholesterol concentrations. For instance, in the cholesterol-free system, the size was, in average, of 80 Å × 80 Å × 90 Å. As cholesterol concentration increased, the size of the system was systematically reduced. The simulation time step was set to 2 fs. We adopted the CHARMM36 26, 27 FIG. 1. Sketches of the backbone structures of DPPC, cholesterol, and tryptophan. Hydrogens bound to carbon are not shown. The highlighted sites of TRP (H1, H2, N1, N2, C1, C2, O1, and O2) and of DPPC (N, O2, and O8) will be referred in the text by the labels defined here. Due to the zwitterionic characteristics of L-tryptophan, its site H1 corresponds to any of the three hydrogens bound to N1, which share the positive charge. Sites O1 and O2 of TRP share the negative charge. Site C2 is close to the center of mass of the molecule. force field, which is able to reproduce the area per lipid in good agreement with experimental data. All bonds involving hydrogens were set to fixed lengths, allowing fluctuations of bond distances and angles for the remaining atoms. Nevertheless, during the calculation of spectral densities (see Sec. III B), all bonds including those involving hydrogens were left flexible. Van der Waals interactions were cut off at 12 Å with a smooth switching function starting at 10 Å. Long ranged electrostatic forces were computed using the particle mesh Ewald method, 28 with a grid space of about 1 Å. Such electrostatic interactions were updated every time step. Finally, periodic boundary conditions were applied in all three directions of space.
III. RESULTS AND DISCUSSION
A general view of the half of the system at several cholesterol concentrations is shown in Fig. 2 . There, for the sake of clarity, water and DPPC have been depicted with thin sticks, whereas cholesterol, tryptophan, and the sodium and chlorine ions have been shown more explicitly. We should point out that TRP tends to stay close to the headgroup regions of the lipid and cholesterol chains during most time of the simulated trajectories: 29 An estimation over the full trajectory length (cholesterol concentration of 30%) indicated that around 70% of time TRP is attached to DPPC with the remaining time being mostly solvated by water. Furthermore, in the membrane with 30% of cholesterol, we observe that TRP at the interface is located slightly deeper than in the case with 50% of cholesterol so that a primary effect of cholesterol is a tendency to exclude TRP out of the water-membrane interface.
With the aim of ensuring that we are simulating the liquid phase of the model system as well as to efficiently characterize the order of the hydrated lipid bilayer, we computed the deuterium order parameter S CD which can be obtained from 2 H NMR experiments. This quantity was first reported by Stockton and Smith 30 and later on adapted by Hofsäß et al. 31 by means of an order parameter, defined for each CH 2 group as follows:
where θ CD is the angle between the membrane normal and a CH-bond (a CD-bond in the experiments). Brackets in Eq. (1) indicate ensemble average for all lipids. The results are shown in Fig. 3 for the two chains (sn1, sn2) of a DPPC molecule at three cholesterol concentrations. The results are in good overall agreement with both experimental 5, 32 and simulation studies 31, 33 and confirm that the system, in the simulation conditions assumed in the present work, represents well the liquid-crystalline phase. We should note the tendency to higher ordering as cholesterol concentration increases, which is represented by profiles of S CD having larger maxima (around 0.2 for the cholesterol-free system versus ∼0.4 for the cholesterolrich setups), a similar tendency as observed by Hofsäß et al. 31 and Chiu et al. 34 One primary output from any simulation of biomembranes is the area per lipid. For a series of equilibrated MD runs at the NPT ensemble, we have monitored the surface area per lipid considering the total surface along the XY plane (plane parallel to the bilayer surface) divided by the number of lipids plus cholesterol in one lamellar layer. 35 The area per lipid (for the final 70 ns of all trajectories) as a function of simulation times is reported in Fig. 4 , and the averaged values are reported in Table I Table I. the area per lipid arise naturally from the relaxation of the system at a given temperature, pressure, and number of particles and are not an imposition to fit the experimental value. The main trend observed from our data is that the areas decrease as cholesterol concentration increases, as expected. In addition, fluctuations of the area per lipid in the 0% cholesterol case are larger than those of the cholesterol-rich ensembles. We obtained an averaged value of 61.4 Å 2 for the 0% cholesterol system and smaller values around to 40 Å 2 when cholesterol is present at the membrane. These results are in overall good agreement with other computational data in a wide variety of thermodynamical conditions 5, 31, 34, 36, 37 where the values for pure DPPC ranged between 50 and 63 Å 2 and the trend of decreasing areas for increasing cholesterol percentages is clearly reported. From the experimental side, an influential review from Nagle and Tristram-Nagle 2 reported values of the area per lipid of pure DPPC membranes obtained from a wide variety of methods (NMR, X-ray, and neutron scattering) between 48 and 52 Å 2 in the gel phase (293 K) and between 57 and 71 Å 2 at the liquid phase (323 K). However, some of them were reported to be measured under wrong assumptions due to artificial undulations of the membrane sets. The best estimations were of 48 and 64 Å 2 for the gel phase and liquid phase, respectively, in the cholesterol-free case. In a quite recent study, Kučerka et al. 22 found a value of 63.1 Å 2 for DPPC at 323.15 K by means of X-ray and neutron scattering techniques. In the present work, a sudden drop in the area per lipid is dramatically seen when cholesterol is introduced in the membrane, as expected. Edholm and Nagle 36 reported a summary of values from independent MD simulations where at the cholesterol concentration of 30%, area/lipid was around 43 Å 2 and at 50%, was between 37 and 39 Å 2 , at 323 K in all cases. Assuming the small difference in temperature for the cholesterol-rich systems (310 in the present work), the agreement with our results is qualitatively good. Furthermore, the results reported here are consistent with the observation that, in di-myristoyl-phosphatidyl-choline (DMPC) membranes analyzed at 303 K, cholesterol is able to favor a phase transition from a liquid-disordered phase to a liquid-ordered phase, 38, 39 in particular, when cholesterol contents are higher than 30%. The variations of the thickness of the membrane may give some additional clues of the effect of cholesterol on its mechanical properties, such as its rigidity and its capability to allow the passing of species inside and outside the cell. We have obtained the thickness by computing the distance between the phosphate groups of the DPPC molecules located at the two sides of the membrane. The results are also reported in Table I .
These values of the bilayer thickness are in good overall agreement with those reported by Kučerka et al. 22 These authors found a value of 39 Å at 323 K for a cholesterol-free sample and a tendency to decrease with increasing temperatures. In the present work, we have obtained a value of 39.7 Å at the cholesterol-free system and values around 48 Å when cholesterol is present in the membrane. This fact is consistent with the findings of the area per lipid reported above where at higher cholesterol contents, the values have been found smaller: at large cholesterol contents, the bilayer structures are more compressed so that we have more lipid species per Å 2 which would eventually produce the extension of the lipid tails (which are normally showing a large extent of folding for the cholesterol-free system) and the corresponding larger bilayer thickness. This is also consistent with the results shown at Fig. 3 where cholesterol-rich systems have tails significantly more ordered (gel-like) than those corresponding to the cholesterol-free case.
A. Structure of the solvated tryptophan
The local structure of a multicomponent system can be analyzed by means of normalized atomic radial distribution functions (RDFs) g AB (r). For a species B close to a tagged species A, they are given by
where n B (r) is the number of atoms of species B surrounding a given atom of species A inside a spherical shell of width ∆r. V stands for the total volume, and N B is the total number of particles of species B. We have evaluated the local structure of the tryptophan molecule solvated by water, DPPC, and cholesterol. We will restrict ourselves to report the most relevant g(r), namely, those defined for the following pairs:
1. The hydrogens "H1" of tryptophan (see Fig. 1 ) versus the oxygen of a water molecule ("OW"), 2. the oxygens of tryptophan ("OT," corresponding to the sites labeled "O1" and "O2;" see Fig. 1 ) versus the hydrogen of a water molecule ("HW"), 3. the hydrogens "H1" of tryptophan versus the oxygen of cholesterol ("OC"), 4. the oxygens of tryptophan "OT" versus the hydrogen of cholesterol ("HC"), and 5. the hydrogens of tryptophan "H1" and "H2" (taken separately) versus the negatively charged oxygens of DPPC ("O2" and "O8," taken separately).
The results of the g(r) defined above are presented in Figs. 5 and 6 for the three relevant tryptophan concentrations (0%, 30%, and 50%).
All eight radial distribution functions show some fluctuations in their profiles, the statistical noise observed in the association of TRP with cholesterol being more marked than for TRP-Water and for TRP-DPPC. The fluctuations are essentially due to the fact that tryptophan is a mobile species and can be mostly solvated by DPPC or water. However, cholesterol solvation only happens during short periods of time (see below), which generates larger fluctuations of the corresponding g(r)s. As a general feature, the presence of cholesterol does not affect the positions of the maxima in the g(r) between TRP and water and between TRP and DPPC, although significant reduction of the heights of the maxima has been observed, especially for g H1T-O2 . We can observe a clear first coordination shell in all cases being the binding of TRP to DPPC, the one with the highest peaks of the g(r)s (see Fig. 6 ). In such a case, a marked second coordination shell can be also observed. The peaks located around 1.7-1.8 Å in all g(r) are the signature of hydrogen bonds (HBs) established between TRP and water, TRP and DPPC, and also TRP with cholesterol. Using fluorescence spectroscopy, Liu et al. 8 obtained values for the hydrogen-bond lengths of TRP and water between 1.6 and 2.1 Å, i.e., in the same range of the values reported in the present work.
In the present work, we have not considered the usual density profiles defined by the distance of an atomic site to the center of the lipid bilayer and instead we computed radial distribution functions. The reason is twofold: (1) we are mainly interested in the solvation structure of tryptophan instead of their distribution across the bilayer and (2) RDFs have the additional advantage to provide a direct route to the estimation of free energy barriers, 40 but, since reaction coordinates for probe binding to membranes will be generally unknown and not one-dimensional but multidimensional, methods not assuming preconceived reaction coordinates such as transition path sampling [41] [42] [43] or, those allowing to consider several complementary collective variables, such as metadynamics 44, 45 would be in order to obtain much more accurate free energy landscapes for TRP adsorption. Nevertheless, their drawback is the huge amount of computational time required in both cases, and for this reason, they are not considered in the present work.
During the long simulation runs used to collect statistically meaningful properties, we observed periods of time of about 5 ns where TRP was fully solvated by water, suggesting that hydration of TRP is one stable state of the system. Full TRP hydration is essentially operated through hydrogenbonding between the triplet of "H1" hydrogens of tryptophan bound to "N1" (see Fig. 1 ) and the water's oxygen or, equivalently, between oxygens of TRP and hydrogens in water, as shown in the left column of Fig. 5 . There we can observe a sharp maximum located around 1.85 Å for both g H1T-OW and g OT -HW . When cholesterol is introduced in the systems, the binding of TRP to water remains essentially unchanged, although first maxima of g OT -HW show larger values. First, this could be due to the exclusion of TRP off the interface operated by the presence of cholesterol and, second, because of the binding of TRP to cholesterol, as shown in the right column of Fig. 5 . Interestingly, cholesterol can form hydrogen-bonds with TRP's hydrogens as indicated by the first maximum of g H1T-OC and also with TRP's oxygens (shown in g OT -HC ). The large statistical noise in those functions might be an indication of the short life of such HB.
Observing that TRP can establish some hydrogenbonding with cholesterol, all data we got suggest that TRP is also able to stay bound to the inner part of lipid heads during significant periods of time, in agreement with previous results indicating that in a cholesterol-free di-oleoylphosphatidyl-choline bilayer membrane, TRP tends to localize strongly in the interfacial region. 46 The preferential location of TRP at the lipid-water interface was observed by de Jesus and Allen 14 for membrane proteins. In the present work, we observed that the average lifetime of TRP at the interface of the DPPC bilayer is of the order of 10 ns. Regarding TRP-DPPC binding (see Fig. 6 ), we have observed hydrogenbonding connections between sites "H1" and "H2" of TRP and DPPC sites "O2" and "O8" (labels according to Fig. 1) , as indicated by radial distribution functions g H1T-O2 , g H1T-O8 , g H2T-O2 , and g H2T-O8 . Functions related to "H1" hydrogens in TRP (left column of Fig. 6 ) show a clear maximum located around 1.7 Å when bound to "O2" of DPPC and around 1.75 Å when bound to "O8" of DPPC. The presence of cholesterol diminishes the "H1-O2" binding, but it enhances the "H1-O8" one. This suggests that the former corresponds to the most stable bond when no cholesterol is present, but that is, it becomes weaker when the amount of cholesterol increases. Conversely, the HB between "H1" and "O8" becomes strongest at the membrane with 50% content of cholesterol. Then we can observe the influence of cholesterol in the TRP-DPPC binding as one major effect, probably related with the relative orientation between the duo. Concerning "H2"-DPPC binding (right column of Fig. 6 ), we observed its existence in all analyzed setups, although the maxima are found at slightly larger distances (around 1.9-2.0 Å). In the same fashion as for "H1"-DPPC binding, the presence of cholesterol showed significant influence on the characteristics of "H2"-DPPC bonds as well. Finally, the structure of water around DPPC has been found to be very similar to that of water around DMPC, as was previously described in Ref. 47 , Sec. III.
In order to estimate the averaged time intervals for TRPlipid association, we display the time evolution of selected atom-atom distances in Fig. 7 . There we can see that typical hydrogen-bonding distances are reached in all cases. At the cholesterol-free membrane, one of the three hydrogens of tryptophan bound to its "N1" site is almost permanently bound to the oxygen "O2" of DPPC with some intervals of simultaneous binding ("shared" hydrogen-bonds). At the two cholesterol concentrations considered here, the binding is less common, with a tendency to longer hydrogen-bonding periods at the 30% concentration. In all cases, the typical H-bond lifetimes are of the order of 1 ns, with eventual intervals of breaking and re-formation of hydrogen-bonds.
When analyzing the hydrogen-bonding of TRP with cholesterol, we have observed that some periods of hydrogenbonding are established between oxygen "O2" of TRP and the hydroxyl's hydrogen of cholesterol ("HC") and that, simultaneously, one of the TRP's hydrogens (bound to "N1") forms some HBs with hydroxyl's oxygen of cholesterol. Again we see longer binding for cholesterol's 30% concentration. The time scale of hydrogen-bonding seems shorter than 1 ns, although more precise calculations of hydrogen-bond lifetimes using In order to have a more detailed idea on TRP binding to the membrane, we are reporting two characteristic snapshots of TRP linked to DPPC and cholesterol simultaneously (see Fig. 8 ). There we can observe that either TRP can be bound to two DPPC in different sites ("O2" and "O8") and one cholesterol (right) or it can be bound to one DPPC (site "O2") and to two cholesterol molecules, the first through the hydroxyl's hydrogen and the second through hydroxyl's oxygen (left). These images help to enlighten the relatively complex multiple hydrogen-bonding connections between TRP, DPPC, and cholesterol described above (see Sec. III A) and the key role of TRP as a bridging molecule between several lipid or cholesterol chains.
B. Dynamics: Diffusion and vibrational spectra

Diffusion of tryptophan and water
Microscopic dynamics of tryptophan and water have been extensively considered. The first property evaluated has been the mean square displacement (MSD) of water (monitoring oxygen's trajectories) and of the carbon "C2" in TRP (see Fig. 1 ). Diffusion coefficients of DPPC require simulations at the scale of hundreds of nanoseconds and have not been computed here, although a detailed study on DMPC was reported earlier. 47 From the long-time slopes of both MSD, we obtained the corresponding self-diffusion coefficients D through Einstein's formula where r i is the instantaneous position of particle i. In this general procedure, the spatial dimension of the diffusion regions d is considered. So, water undertakes isotropical diffusion (d = 3) meanwhile tryptophan showed lateral-like diffusion (d = 2). The results have been summarized in Table II . In the case of water, the results include all molecules in the system regardless of their location at bulk or interfacial regions. In a previous study, 47 we obtained D separately for bound water, water at interfaces, and water external to the membrane and found the mobility of water molecules being significantly faster as their distance to the interface increased (water outside the membrane was about 14 times faster than water bound to lipid chains). In this work, we simply included water's diffusion for the sake of comparison with those previous results in order to test the influence of TRP and of cholesterol. At 0% cholesterol, our results are of the same order of magnitude as the ones obtained for the simple aqueous DMPC membrane 47 at 303 K (2.66 × 10 −5 ) which indicates that, as expected, the presence of TRP does not affect significantly water's dynamics. Nevertheless, we can observe that when cholesterol is included in the system, water tends to diffuse about 33% faster. This can be attributed to the fact that at non-zero cholesterol concentrations, membranes are more compact (areas per lipid are smaller) and water's penetration in the interface is harder to occur, producing larger diffusion mainly along the surface of the bilayer.
TRP's diffusion coefficients were computed from simulation runs where TRP was permanently at the interface. We stress this point because in our simulation runs, we observed that TRP is able to make excursions to the water bulk regions, especially when cholesterol concentration increases. For instance, at the highest concentration of 50%, TRP will stay eventually half of the time at the water bulk and the remaining time at the lipid-water interface. Along the periods when TRP was fully solvated by water, we estimated that its diffusion coefficient was 3.9 × 10 −6 at 50% concentration of cholesterol. The latter value is significantly higher than those corresponding to TRP at the lipid-water interfaces (see Table II ).
Focusing on the diffusion of TRP when residing at the interface, the values reported in Table II are about two orders of magnitude smaller than those of water (for cholesterol concentration up to 30%). At the highest concentration (50%), the diffusion of TRP becomes significantly faster. The values of D for TRP (0% cholesterol's concentration) are of the same order of magnitude of those of DMPC molecules 47 (0.6 × 10 −7 in the absence of cholesterol), although the former are about 6 times smaller. This indicates that TRP's mobility is significantly higher than that of DPPC, and this suggests that the mechanisms of diffusion of TRP would be qualitatively different of those of lipids (suggested to be due to the motion of nanodomains or local groups of around 10 units 47 and also directly related with the slow motion of gel-like tails in the present case). We should point out that the effect of temperature is remarkable since at complementary simulations at 310 K, TRP diffusion was of about 2 × 10 −7 , i.e., significantly slower, due to the essentially gel-like state of the membrane at such conditions.
Regarding the reliability of the present calculations, we should indicate that the values reported in Table II have been obtained in the framework of the CHARMM36 force field. Whereas the number of lipids in our systems may be large enough 49 to avoid strong size effects from periodic boundary conditions, there are some known deficiencies of the CHARMM36 (and the MARTINI force field among others) regarding its reliability, to be considered when computing lipid diffusion 50 to be considered. Furthermore, Yeh and Hummer suggested that, in simulations using periodic boundary conditions, hydrodynamic interactions should be taken into account in order to obtain more accurate values of D, in such a way that a correction of the order N 1 3 might be in order. 51 In our case, we did not consider lipid diffusion but tryptophan's. Since tryptophan dynamics are clearly faster than DPPC's, we expect that our computed D are correct in order of magnitude, although they might presumably be affected at some extent by the deficiencies of the force field mentioned above. Only the existence of precise experimental values could shed light in this issue, but up to our best knowledge, no measured diffusion coefficients of tryptophan in zwitterionic membranes are currently available.
Spectral densities of tryptophan
We have computed and analyzed the spectral densities of the tryptophan molecule. Experimental infrared spectra are usually obtained through the absorption coefficient α(ω) or the imaginary part of the frequency-dependent dielectric constant. 52 These properties are directly related to the absorption line shape I(ω), which can be obtained from molecular dynamics simulations [53] [54] [55] in certain cases. In most cases, the physically relevant property to be computed is the so-called atomic spectral density S i (ω), defined as
where v i (t) is the velocity of atom i. In our case, we have obtained the spectral density of the whole tryptophan molecule as the sum of the contributions of all atoms pertaining to the molecule. In formula (4), the brackets · · · denote equilibrium ensemble average. Generally speaking, classical molecular dynamics simulations are not able to fully reproduce experimental absorption coefficients, these being quantum properties. However they can be used to locate the position of the spectral bands since in the harmonic (oscillator) approximation, classical and quantum fundamental frequencies are the same. The model employed in the present work considers harmonic bond vibrations, and for such a reason, we will be able to locate the positions of the main experimental spectral bands. We are reporting the full spectral density S TRP (ω) in the left side of Fig. 9 . Our results reveal two main spectral regions, one for frequencies below 1800 cm −1 and another one for 2700 < ω < 3400 cm −1 . The agreement with available data from infrared and Raman spectroscopy of tryptophan in aqueous solution reported by Leyton et al. 7 (and references therein) is very good overall. These authors reported strong maxima located at 128, 163, 425 (weak), 744, 1014, (1351), 1432, 1566, (1647), 2938, 3056, and 3402 cm −1 . The numbers into parentheses indicate a group of maxima centered at the reference value indicated here. Most of these maxima are included in the S(ω) reported in Fig. 9 and, at 0% cholesterol content, show excellent agreement with only three clear disagreements: (1) the Raman peak located at 163 cm −1 is not clearly seen in S TRP (ω); (2) the same fact happens with the band located at 1566 cm −1 (unseen), and (3) the Raman peak at the highest frequency at 3402 cm −1 is strongly red-shifted in the computed spectral density (reported at 3276 cm −1 ).
Having established the reliability of the potential model and method employed in the present work, we have obtained the partial spectra of each atom in TRP. The results are reported in the right side of Fig. 9 . There we gain advantage of one of strongest points of molecular dynamics simulations: we can discern the contribution of each atom to the full spectrum. We should remember that frequencies below 1000 cm −1 are usually related to rotational and librational motions, those between 1000 and 1500 cm −1 are normally attributed to bending motions, and those frequencies of the order of 2000-3000 wavenumbers are due to stretching motions (for liquid water, see, for instance Ref. 56 ). The list of assignments of this work is as follows:
1. The peak experimentally found at 128 cm −1 corresponds, within our framework, to restricted translations of oxygens since it corresponds to the high maximum (centered at 123 cm −1 ) appearing at the oxygen's spectral density. Furthermore, it can also be related with carbon vibrations (maxima at 95 and 210 cm −1 ). In summary, we can attribute this band to "C1-O" vibrations (see Fig. 1 ). 2. The peak located at 163 cm −1 is not seen in our spectral decomposition. 3. The weak band centered around 425 cm −1 is matched by the maxima at 385 cm −1 of our spectrum. This indicates that this vibration should be attributed to a low-frequency vibration of hydrogens "H1" (see Fig. 1 ). Since this is a relatively low frequency, it will probably correspond to a rotational motion. 4. The maximum at 744 cm −1 is located around 810 cm −1 in Fig. 9 , and it appears in both the contributions of atoms, carbon "C1" and oxygens "O" (TRP has two of them), suggesting a "scissoring" motion of the corresponding triplet.
5. The peak at 1014 cm −1 is found at 1045 in the present work, and it is directly related with the spectra of sites "N1" and "H1," suggesting, in this case, a bond stretch of those particles. 6. The group of experimental bands centered around 1351 cm −1 is matched in our spectra by one peak centered at 1225 cm −1 . Connected to particles "N1" and one carbon, we expect that this band should correspond to the stretch of "N1" along its carbon bond. 7. The maximum at 1432 cm −1 can be directly related with the maxima around 1410 cm −1 observed in the spectra of "N2" and "H2," suggesting that this vibration corresponds to a bond stretch between them. 8. The next band, centered at 1566 cm −1 , is not well matched by any peak of the computed spectrum. 9. The remaining band centered at 1647 cm −1 is a group of maxima in the experimental spectrum, and it can be also attributed to the contribution of "H1" (1622 cm −1 ). Since the label "H1" accounts for the three hydrogens bound to "N1," it should be attributed to a single stretching mode. 10. Finally, the three bands of the highest frequency (2938, 3056, and 3402 cm −1 ) must be fully attributed to stretching vibrations of hydrogens "H1"and "H2" and are located around 3170 (shoulder), 3270, and 3690 cm −1 in our spectral densities. The large deviations not only indicate a drawback in the characterizations of the vibrational interactions by the force field employed here but they also indicate their origin based on pure hydrogen vibrations.
The influence of cholesterol in the full spectrum of TRP reported in the left side of Fig. 9 is remarkable in some of the spectral bands, producing observable frequency shifts, and it essentially indicates again that cholesterol interacts with TRP in a quite strong way and that these interactions are able to modify the vibrational motions of their atomic components producing frequency shifts up to 66 cm −1 (the case of the band centered around 1045 cm −1 in the computed spectrum, red-shifted at the system with 50% of cholesterol).
IV. CONCLUDING REMARKS
A series of molecular dynamics simulations of a DPPC lipid bilayer membrane in an aqueous ionic solution of NaCl with an embedded single tryptophan molecule and at three cholesterol concentrations (0%, 30% and 50%) have been performed by MD using the CHARMM36 force field. We have first focused our analysis on the local structure of zwitterion L-tryptophan, when associated with water, DPPC, and cholesterol molecules. After the systematic analysis of meaningful data, we noted relevant changes in the local structure and dynamics of TRP only for cholesterol concentrations above 30%. In agreement with MacCallum et al., 46 we observed that TRP tends to localize strongly in the interfacial region so that crossing the membrane by diffusion with no help of external fields or mediating particles is unlikely to happen in the time scale of our simulations. The radial distribution functions were evaluated for six classes of particles: the hydrogens labeled (1) "H1," (2) "H2," (3) the double bonded oxygens "O1" and "O2" of tryptophan, (4) the three water sites, (5) the charged oxygens labeled "O2" and "O8" of DPPC, and (6) the oxygen and hydrogen sites of the hydroxyl group of cholesterol.
Our data revealed the existence of a strong first coordination shell and a milder second coordination shell for the TRP-water structure. The binding of tryptophan to DPPC involved coordination shells for the different sites of possible association [charged oxygens "O2" and "O8" of DPPC versus the two tagged hydrogens in TRP ("H1" and "H2")]. Finally, the distribution functions of TRP-cholesterol revealed stable hydrogen-bonding configurations. These data indicate that TRP is able to establish stable interactions with all classes of solvating particles (water, DPPC, and cholesterol) including a sort of bridging between DPPC and cholesterol species. The typical hydrogen-bond distances between TRP and other species have been found between 1.7 and 2.0 Å, in good agreement with experimental data obtained from fluorescence measurements. 8 Tryptophan self-diffusion coefficients have been found to be of the order of 1-10 × 10 −7 cm 2 /s, and they are strongly depending of the presence of cholesterol in the system. The diffusion of TRP has revealed to be significantly faster than that of DPPC and slower than that of water. The computed spectral densities, in excellent agreement with experimental infrared and Raman data from Leyton et al., 7 allowed us to reveal the degree of participation of each atomic site of tryptophan to the complete spectrum of the molecule.
